Abstract. Testing estimates of year-to-year variation in global net primary production (NPP) poses some challenges. Large-scale, multiyear records of production are not readily available for natural systems but are for agricultural systems. We use records of agricultural yields at selected sites to test NPP estimates produced by CASA, a global-scale production model driven by both meteorological data and the satellite-derived normalized difference vegetation index (NDVI). We also test estimates produced by the Miami model, which has underlain several analyses of biosphere response to interannual changes in climate. In addition, we test estimates against tree ring data for one boreal site for which data from both coniferous and deciduous species were available. The agricultural tests demonstrate that CASA can reasonably estimate interannual variation in production. The Miami model estimates variation more poorly. However, differences in NDVI-processing algorithms substantially affect CASA's estimates of interannual variation. Of the four versions tested, the FASIR NDVI most closely reproduced yield data and showed the least correlation with changes in equatorial crossing time of the National Oceanic and Atmospheric Administration satellites. One issue raised is the source of the positive trends evident in CASA's NDVI-based estimates of global NPP. The existence of these trends is consistent with potential stimulation of terrestrial production by factors such as CO 2 enrichment, N fertilization, or temperature warming, but the magnitude of the global trends seen is significantly greater than suggested by constraints imposed by atmospheric fluxes.
Introduction
The recent development of multiyear sets of satellite and weather data permits modelled estimates of year-to-year variation in global-scale terrestrial production. Estimates based on weather data [Dai and Fung, 1993 Testing production estimates against production data directly circumvents these limitations. When testing estimates of production for a single year (or estimates of mean production), the approach typically has been to compare grid cell estimates with measurements taken in the field at selected sites in different ecosystems [e.g., Raich et al, 1991; Potter et al., 1993]. However, this approach also has its limitations. In natural ecosystems, there are two primary constraints, one related to the temporal scale, the other to the spatial scale.
(1) Production data at a given site are generally available only for a single year, which may not necessarily be the same year as that for the other sites or for the model estimate. Such bin Pathfinder, corrections for Rayleigh scattering are applied only to incoming radiation. mismatch of years introduces error into the comparisons. (2) The sites from which the data are collected are typically much smaller than the model grid cells in which they are nested and may not adequately represent them. For example, production measurements made in a small nature reserve may not fairly represent production in the rest of the grid cell, if the area outside the reserve has been degraded by heavy grazing.
Thus developing methods for testing interannual variation in global-scale production presents a two-part problem: How to find (1) time series data that (2) represent large areas.9 This sort of data is currently not available for natural systems. However, the agricultural sector has been measuring largescale production patterns for years, and these data are readily available. In forested ecosystems, tree ring data also provide information about interannual growth patterns. Unlike agricultural production data, however, tree ring data is typically small-scale in nature (individual trees are sampled), which makes it more difficult to compare with grid-cell estimates. In this paper, we describe the first attempt to use records of agricultural yields at selected sites to test estimates of interannual variation in net primary production. We also suggest an approach for extrapolating tree ring data to test estimates in forested systems.
In this analysis, we examine regional and global estimates produced by two models: (1) the Miami model [Lieth, 1975] , which is driven solely by meteorological data, and which has underlain many analyses of biosphere response to interannual changes in climate, including recent studies by Dai and Fung [1993] 
Methods

Models
The Miami model [Lieth, 1975] is one of the original models of net primary production. It is a simple empirical 
Global Input Sets for CASA and Miami Runs
The CASA runs used the data sets as described below. The Miami model runs used annually aggregated precipitation and temperature.
2.2.1.
Climatological data. Monthly precipitation anomaly data with 5 ø x 5 ø resolution for 1982-1990 from Baker et al. [1995] were rebinned to 1 ø x 1 ø. These anomalies were added to monthly mean values from 1950-1979 [Shea, 1986] , also gridded to 1 ø x 1 ø, to obtain total monthly values for the [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] Arrigo, 1995 Arrigo, , 1989 . Here, however, the goal is a different one: to develop a tree ring index that captures the interannual growth patterns of an entire 1 ø x 1 ø forested grid cell and the forest's response to the full suite of ecological variables, not just to one. The challenge is to find tree ring data that fairly represents the growth patterns of a stand of that size, taking into account the mix of species, the age class distribution, and the nature of growth in a closed canopy. Thus we looked for tree ring data for which there were available: (1) stand-level measurements from large areas of closed canopy forests, (2) data representing the different dominant species, particularly those that differ in sensitivity to environmental factors, and (3) information about the areal extent of forest species, for extrapolating to the grid cell scale.
We include in our tests one site for which we found such data, in the boreal forest at Fort Richardson, Alaska, U.S.A.
(Appendix B). Although limited in scope, we include the tree ring comparison because it demonstrates a technique worth further development. If additional data sets are developed, this approach could help refine estimates of year-to-year variation in production in nonagricultural systems. Because of the difference in growth of spruce and birch, it was not surprising that most of the variation in this average was due to the birch contribution ( Figure B1 ) and that the NDVI-based NPP estimates more strongly correspond to variation in birch growth than in spruce growth (Table B1) . The weighted average, however, predicts NPP estimates somewhat better than the birch data alone.
Analytical Strategy
To evaluate the effectiveness of different models and NDVI versions in capturing interannual variation in production, we tested NPP estimates against agricultural yield data and tree ring data. We quantified fit by calculating the Pearson productmoment correlation coefficient (R) for the data and model estimates at each site. The correlation coefficient is a useful index, but visual inspection of the data yields additional information about the pattern of fit. We therefore also inspected the entire set of data and looked for patterns of mismatch between the data and the NPP estimates, particularly repeated patterns or patterns correlated with satellite switches and changes in satellite equatorial crossing time. 2. In the CASA climate run, only the climate data varied from year-to-year. The NDVI set was the 9-year mean of FASIR 2.1. This run shows the performance of the CASA climate algorithm. Because the CASA model assumes that capturing the natural variation in NPP requires information from both NDVI and climate variables, the estimates produced by the CASA climate algorithm alone should show less dynamic variation than climate models designed to estimate NPP without NDVI input. 
where Yielder t is in g grain m -2 and NPPer t is in g C m -2.
Because of large uncertainties about belowground production, estimates of the aboveground fraction of NPP (AF) are poorly constrained, ranging from 0.50 to above 0.71 [Siddique et al., 1990] At the boreal forest site the standard CASA estimates are not significantly correlated with radial growth (Figure 4 and Table  4 ). But this lack of correlation occurs because there is a 4.8% per year trend in the CASA estimates not present in the tree ring data (see "Sources of error," below). When detrended, the CASA estimates are strongly correlated with the tree ring data ( Figure 4 and At the boreal forest site the Miami estimates are somewhat anticorrelated with mean tree ring width (Figure 4 and Table  4 ). This negative correlation likely arises because at this site 3b and 3c) . In choosing sites we also attempted to minimize error due to changes in cultivation practices (e.g., in fertilizer application rates or in cultivars planted). We eliminated our In The FASIR processing appears to eliminate artifactual features present in the other NDVI data sets. In Turkey and Poland, for example, the estimates based on the CESB, IO, Pathfinder, and PRE NDVI decline from 1986-1988, paralleling NOAA 9's drift to later equatorial crossing times but deviating from the yield data. This decline is absent in the FASIR product, which matches the yield data (Figures 3g and   3f ). In Correlation with equatorial crossing time also leads to estimates of between-year changes in NPP that are markedly greater than estimates based on deconvolutions of atmospheric fluxes. Pathfinder, PRE, and CESBIO predict between-year changes in NPP as large as 7.2-14.0 Gt C (Table  6) (Table 6 ). This high-end estimate of CO 2 response does not consider temperature interactions or ecological or physiological feedbacks affecting the relationship between photosynthetic response and production.
Across the sites there is a pattern of systematic mismatches between the NDVI-based estimates and yield data in 1983-
At our agricultural test sites there was no evidence of artifactual trends in the comparison of yield and NDVI-based NPP estimates (Figure 3) . At six of the seven sites there was no trend in either yield or estimates. In Poland the positive trend in total cereal yield was matched by trend in the FASIRbased estimates (but was not captured by the Miami model). trend (4.7-5.0%) not evident in the tree ring data (Figure 4 and Table 4 ). The discrepancy may reflect either error in extrapolating the tree ring data to the grid-cell scale or artifact in the NDVI data, or both. 
Estimates of increases in NPP can
Conclusions
This investigation demonstrates how agricultural yield data and tree ring data may be used to test estimates of interannual variation in net primary production. We have shown that the CASA model produces reasonable estimates of mean production and interannual variation at agricultural test sites. CASA's estimates more closely reproduce yield variation than do estimates by the Miami model, which has been used to assess variation in production in several previous studies but here predicts yield variation poorly. We have also shown that estimates of interannual variation depend on the NDVI version used. Of the versions we tested, the FASIR NDVI most closely reproduced yield data and showed the least correlation with changes in equatorial crossing time of the NOAA satellites. Trees were selected for coring based on occurrence in a randomly placed circular plot. Trees with rotten centers were not successfully cored, but otherwise trees were sampled in Annual ring width to the nearest 0.01 mm was measured at the University of Alaska Fairbanks tree ring laboratory using an optical encoder system. Cores were manually inspected to identify reliable cross-dating series, and about 2% of the cores were not included because of indeterminate dating. Cross Standard tree ring chronologies are produced by removing trends related to aging and normalizing widths across trees. Because the goal was to assess stand growth, not to develop climate proxies, raw ring width data were used for calculating the means (Table B1 and Figure B1 ). All trees selected were beyond the age of juvenile growth distortions, and calculation of a stand average ring-width index would have overweighted the contribution of small trees to total stand growth. To confirm that the lack of trends seen in the mean data was not the result of using raw ring widths, we repeated our analysis using ring widths that had been detrended by standard methods to account for aging. Raw ring width chronologies were processed into detrended series using autoregressive standardization (the ARSTAN method) in which conservative straight line or negative exponential fits were specified for standardization [Cook, 1985; Cook and Kairiukstis, 1990] . Standard (detrended) ring-width values were not normalized, in order to preserve the effect of the relative contribution of trees of different diameters to overall productivity. The effect of the additional processing was minimal. There was no trend evident in the mean ring widths based on raw widths or in the means based on "detrended" widths (P=0.334; P=0.559). Patterns of year-to-year variation and correlation with NPP estimates were similar (Table 4) 
